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1. I n t r o d u c t i o n .  

A new s o l u t i o n  of t h e  one-d incns ionz l  t ine- independent  hydrodynamic 
e q u a t i o n s  f o r  an ozone f l m e  which a v o i d s  tioffie approximat ions  nade i n  
e a r l i e r  c a l c u l a t i o n s  y i e l d s  some q u a l i t z L i v e l y  d i f f e r e n t  r e s u l t s .  

and numer ica l  parameters  i n  S e c t i o n  3 ,  t he  n u s e r i c a l  methods and t h e  c h a r a c t e r  
of t h e  e igenvalue  problem i n  S e c t i o n  4. The s o l u t i o n  curves a r e  analyzed i n  
S e c t i o n  5 i n  terns of t h e  p h y s i c z l  and c h e n i c a l  p r o c e s s e s  w i t h i n  t h e  flame as 
a p a r t  of a s tudy  of  how t h e s e  p r o c e s s e s  depend upon f u e l  p r o p e r t i e s .  The main 
c o n c l u s i o n s  a r e  summarized i n  S e c t i o n  6 .  

The c a t h e n a t i c a l  model is  summarized i n  S e c t i o n  2, t he  p h y s i c a l  rzodel 

2. P4athematical Model. 

T h i s  s t u d y  u s e s  t h e  one-dimensional time-.i.rdependent hydrodynamic 
e q u a t i o n s  i n  the  forms s u g g e s t e d  by L i r s c h f e l d c r  and C u r t i s s  
C o n t i n u i t y  of s p e c i e s  i: dGi / dZ = rAiRi / :.I ( l a )  

Energy ba lance :  dT / d Z  e: 

P = n R T  

Gi P t h e  f r a c t i o n a l  1naS6=flO*# rate cj' sp?::i.;s f = m.n,v. / M 
where 

1 A . l  

m - t h e  mass of s p e c i e s  j i n  g./ si.;- 

n . :  t h e  c o n c e n t r a t i o n  o f  s p e c i e s  j i.. n o l e c * ~ l r ; /  cc. 
j '  

J 
v - t h e  average v e l o c i t y  of p a r t i c l c .  of t g ; : .  j w i t h  zL;p?ct t o  a f i x e d  
j'  a x i s  system. - M: t h e  t o t a l  mass-flow r a t e  with rcc. ,-ct t o  a f i x e d  zxis system = ~ . n  .E .v  

Dij: t h e  b i n a r y  d i f f u s i o n  c o e f f i c i e n ,  f o r  tLe >air  i, j i n  cm?-sec. 
J J J J '  
-1 

x j  = n j  / n, the  m o l - f r a c t i o n  of s p . . i e c  j 

n: t h e  t o t a l  c o n c e n t r a t i o n  i n  moleci-lea / cc. = 2 n 

H * t h e  en tha lpy  of s p e c i e s  j i n  caL. / gin01 

A: t h e  t h e r m 1  c o n d u c t i v i t y  of t he   as mixture  i n  ca1.-cm. -sec.  -deg. 

P: t h e  p r e s s u r e  i n  a t m .  

R: t h e  i d e a l  gas c o n s t a n t  i n  cc.-atn.-deF;. -m~mol 

T :  t h e  a b s o l u t e  tempera ture .  

j j  

j' 
-1 -1 -1 

-1 -1 



7 1  
n i he  a n p r o x i m t i o n s  r e q u i r e d  t o  d e r i v e  t h e s e  equaz ions  have been d i s c u s s e d  

clsc;.!iere 2.  nocever,  f o r  t h e  ozore f l a n c ,  s p e c i a l  j u s t i f i c a t i o n  is rer -u l red  
for t h c  o z i s s i o n  of t e r n s  i n  1cineiis-cner;y of gas flow i n  the  e q u a t i o n  of 
energy ba lanceB (cf. S e c t i o n  41, 

by a n  a sympto t i c  approach t o  chemic&, t h e r n a l ,  and d i f f u s i o n  e q u i l i b r i u m  
The Hi r sch fe lde r -Cur t i s s  mod. 1 .ssumes t h a t  t h e  ho t  boundary is  de f ined  

1 ,  

The co ld  boundary jsdef ined  by a non-zero va lue  of t h e  t e n p e r a t u r e  g r a d i e n t ,  
I '  

(dT / d Z ) z  co ld  > o  ( 3  1 

z c o l l :  co ld  boundary, 
and t h e  c o n t i n u i t y  of the  f r a c t i c n a l  mass-flow r a t e s .  

u r z p c c i f i c d .  For one c l a c a  of i d c a l i z o d  G y S t C : z C ,  it ha6 been shown that: ( z )  
t h e  d i s c o n t i n u i t y  e x i s t s ;  (b )  its z2gni tude  depends upon (dT / dZlZ cold. The 

l n t t c r  q u a n t i t y  can be va r i ed  over a range of vc lucs  which w i l l  l e a v e  the  
d i s c o n t i n u i t y  e x p e r i z e n t a l l y  i n s i g . i i f i c a n t  and c.hich w i l l  n o t  a f f e c t  t h e  flzme 
s o l u t i o n  as rLuch as 0.01::. 3 

It hzs  been shonn t h a t  I( can be viexed as a n  e igenva lue  t o  be a d j u s t e d  i n  
f i t t i n :  t h c  cold-boundary c o n d i t i o x i  on t h e  f r a c t i o n a l  mass-flow r a t e s  f o r  one 4 of t h e  Lajor c o n s t i t u e n t s  of t h e  f u e l .  

';he s .01- f rac t ions  may be s u b j e c t  t o  a d i s c o n t i n u i t y  and a r e  n a t h e a a t i c a l l y  

3. Phys ica l  ;:ode1 and Xuncr ico l  Pa raue te r s .  

A c r i t i c a l  revievi of c x p e r i e e n t a l  s t u d i c s  of oxygen and ozone-oxygen 
suppor t ed  H i r s c h f e l d f r  and. C u r t i s s '  6 cho ice  of the  r e a c t i o n  k i n e t i c s  5 

t h r e e  fo l lowing  r e a c t i o n s  t o  d e s c r i b e  t h e  ozone flame: 

(1) o3 + I4 

( 2 )  o3 + 0 t" 202 

o2 + 0 + K (4) 

(4) 20 + M 2 O2 + M. 
f Let: f .  ( f r  ) :  s p e c i f i c  r a t e  w i th  r c s p s c t  t o  c o l - f r a c t i o n s  f o r  t n e  i - t h  (5) 

The s T e c i f i c  r a t e s  have been a s s i g a e c  a 3 n c t i o r ; a l  form reconmended f o r  u se  
i n  f l a w  s t u d i c s  7 

' ' for.:;arc ( r e v e r s e )  r s c c t i o n  ct a t o t a l  p r e s s u r e  of 1 z t n .  

I I: ( T )  = a: ~~i exp ( -  E :  / T I ,  

a:, b i ,  6 ; :  cons tan t s .  

If t h e  r e a c t i o n s  occur  at  a r a t e  which a1lo:is approx ina te  e q u i l i b r a t i o n  anong 
the  s t a t e s  of the r e a c t i n g  specie; ,  then  ~ C , O  fori%;ard and r e v e r s e  r a t e s  must 
approximate ly  s a t i s f y  t h e  thermody:iazic rqun t io r .  

p = f ,  r ( 6 )  

K Z :  t h e  e q u i l i b r i u m  c o n s t a n t  w i th  re.xPcc1; t a  mol - f r ac t ions  . f o r  t h e  &-th r e a c t i o n .  

changed f o r  c o l - f r a c t i o n s .  5a 
The equa t ions  g iven  In t h e  r,oviecr f o r  t h e  e q u i l i b r i d n  c o n s t a n t s  were 

The ? a r a m t e r s  a r e  zecorded  i n  Table  1. 
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Table  1 

P a r a n e t e r s  I n  Mol-Fract ion Equ i l ib r ium ConLtants A t  2 = 1 a t m .  

Reac t ion  ax i bx 1 €; 

(+4) + 1.2920 85 

2 1+2) + 6.0937 32368 (-1) - 7.5 ( + 4 )  - 4.6783 15 

4 (-4) + 4.7609 - 76251 (+O) - 1.0 (+4) - 5.9704 00 

-- 1 t+6)  + 1.2799 323L7 (-1) + 2.5  

Legend-: The parameters  a r e  f o r  t h e  equa t ion  
X 

X K: = a); ~~i exp ( -  e i  / T I .  

The r e a c t i o n  numbers r e f e r  t o  Eq. ( 4 ) .  

(fz) y.yy is 

The e q u a t i o n s  for r e a c t i o n s  (1: Y = 0 ) 
rev iew 5b and changed f o r  mol-fracLiuns. d e  
r e v e r s e  r a t e s  were o b t a i n e d  from tlit data of 
i n  Table  2. 

(y.yy) x 10''. 
f 

1 

i 

I and ( 2 )  were taken f r o u  t h e  
thermodynaEica l ly  c o n s i s t e n t  
Tab le  1. The r e s u l t s  a r e  shown , 

f 

Table 2 

Parameters  I n  Sq. ( 6 )  F o r  Nol -Frac t ion  S p e c i f i c  R a t e s  When? = 1 a t m .  

i P ap i bf E;  . 
f (+12) 1.s - 2.0 (+4) + 1.23 

r (+6)  1.546 % 5 j ,  - 2.25 ( + 2 >  - 4.90'. 2 
2+ f (t8) - 2.0 ( + 3 )  + 2.133. 

3 1, M=O 

(+4) + 4.691 615 
-_) 

r (+6) 1.325 9521 - 1.25 __  
1. - .. 

4, M=O' f (+12)  4.6 - 4..c' 0 2 

r (115) 9.661 883:; - ;.o (+4) + 5.970 if00 

Lcrcnd:  An e n t r y  ( Z Z )  y.yy aenott:s  the ~ : . : z e ?  (y.yy) ~10'~. A :;ne b e n e a t h  

d i g i t s  of a: o r  cp f o r  i = 1 , 2  i r . d i c s t * s  tks'i . ~ c c o r a i n g  t o  t!iL. revicv;, t h e  , 1 
d i g i t s  a r e  u n c e r t a i n .  They a re  r c t a i n e d  t o  !xi.z:ain thcrmodynru;ic cons is tency  
t o  e i g h t  s i g n i f i c a n t  f i g u r e s .  

i ' l i thin the accu racy  o f  cxiGtinG dnia, 2 

+1,02 

- - !.P - Al, l ;  / f:+ in cor . s tmt .  

a = 0.33 5c . a. Y I ~ S  a r b i t r a r i l y  acsiGiied t ? ~ e  v a l u e  a. = I,?. 
The s p e c i f i c  r n t c o  f o r  r e a c t i o r  2 :ire f o r  t k c  conscxpt ion  of 0: i=, 

one-ha l f  o f  t h e  ~ ' a t e s  f o r  the p rcduc t ion  of 0 ). 

* '  The s p e c i f i c  r a t e s  f o r  r e a c t i c . n  4 a r e  f o r  t h e  pi-oduction of C,, e, 
one h a l f  o f  t h e  v a l u e s  f o r  t h e  conscription o f  0 .  G , , , ~ : =  f l i  ,!,. / A ! : , ~  

assumed t o  be c o n s t a n t .  The fo l lowing  V a l C i . i i  wcre u r b i  t r n r i l y  n:,su::ed: 
a4,03 = 2, 

., 
I 

l' 2 

y- c 
.'Id 

P e:; 

? 2 

1 
a4,0 = 1.33. ... 



i 
S c v c r ~ l  i 2 v s s t i ; a t o r s  have publisl:.-d d a t a  on r e a c t i o n  ( 4 )  s i n c e  t h e  p r e p a r a t i o n  
of t h e  review. Unfo r tuna te ly ,  t h e r e  is on ly  o r d e r  of magnitude agreement f o r  
s p e c i f i c  r a t e s  as shown i n  Table 3. 

Table 3 
-2 -1 

R c  S c r e n c e  
kf cc?-nol -sec. a t  4,N 

4' I .  L83 s9 7 

xe 1 .3  - 
02 
0 14. 13 

a - 0.52 

4.6 1.6. 

3500° 
LO3 

0.45 

4.8 
9.9 

- 
I 

Legend: The d a t a  a r e  t aken  from referenceL8].  They a r e  f o r  
f 2 ,  d -LO2] / d t  = lc4,K Lk43 [To 

The most r e l i a b l e  de t e rmina t ions  of recombina t ion  r a t e s  have been made 
by i n s e r t i n g  d i s s o c i a t i o n  r a t e s  measured i n  a shock tube  i n t o  t h e  thermodynanic 
equa t ion  be txeen  forward and r e v e r s e  r a t e s .  The a p p l i c a b i l i t y  o f  t h e  e q u i l i b r i u m  
r e l s t i o n  hoc been chcckcd i n  shock  tube  c t u d i e o  o f  t h e  coup l ing  between 
d i s s o c i a t i o n  and r c c o c b i n a t i o n  l1 . Under t h e  c o n d i t i o n s  of t h e  expe r inen t ,  t he  
v i b r a t i o n a l  r e l a x a t i o n  i n  d i s s o c i a  as s u f f i c i e n t l y  r a p i d  
t h a t  t h e  coup l ing  was cornpletely n 

t h e  e q u a t i o n  sugges ted  by r e f e i c t c  opted. It should  be 
recoSnized  t h a t  t he  tcngcr&tui*c C.2 t i o n  ::as s e l e c t c d  
a r 5 i t r a r i l y  by the  a u t h o r s  on ;:?c 
f o r  rcco:>bix:ation c;r6 chznzid  f o r  ' cl.!,h 1x01-fractions and t h e  t hem:odynonically 
c o n s i s t e n t  d i sGoc ia t ion  r a t e  v:zs o3:zine i us ing  t h e  p a r a n e t e r s  o f  Tabie  1. The 
r e s u l t s  a r e  r eco rded  iE Table 2. 

e q u i l i b r i u m  va lues  as Z+ + a, becnusc of tl:e large a c t i v a t i o n  e n e r g i e s ,  t hey  
oonld  n o t  be expec ted  , t o  a f f e c t  th.2 f i r c ; c  f e n  d i g i t s  i n  c a l c u l a t i o n s  a t  any o t h e r  
p o i n t  in t h e  flaffie. Cocparisons c i t h  ra tes  used-  i n  p rev ious  t h e o r e t i c a l  s t u d i e s  
a r e  made in S e c t i o n s  (5.1, 5.6). 

They will be t a b u l a t e d  for r e fe rence .  

S ince  i t  seerced d i f f i c u l t  t c  ly more r e l i a b l e  value, 

r e s u i t s .  T h e i r  equa t ion  

:?,rhile r e a c t i o n s  (2) and (8 )  are in:,:srtant lor d e t c r m i n a t i o n  of t h e  asyf f ip to t ic  ' 

The t r a n s p o r t  c o e f f i c i e n t s  suzges t ed  i n  t h e  review 5 have been adopted. 

Table Lr 

Parameters  For  Binary D i f f u s i o n  C o e f f i c i e n t s  A t 3  = 1 a t m .  

P d  dp2x10 5 C E I . ~ -  sec. ' -1 - deg. -3/2 d $ ; ~ l O - ~  deg. 

O2 O 3  
O2 O 
0 0- > 

- 4.59 
7.36 
5.81 
Y 

- 

1.808 

- 1 .!t71 
- 
1.808 - 

Lecy@: The p a r a n e t e r s  a r e  t aken  from t h e  r e v i e ~ [ 5 ~ 1  f o r  u se  in- ' the 

A l i n e  benea th  a d i g i t  i n d i c a t e s  t h a t  i n  t h e  rev iew t h a t  d i g i t  w a s  
t o  be u n c e r t a i n .  

e m p i r i c a l  

cons ide red  
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O 2  

O 3  
0' 

I 

Table  5 1 
Parameters  For  The Thermal Conduct iv i ty  of The Pure Gases 

a ( ca l .  -cm. 'l-sec. -1 -6eg. -',)de gT1I2 b°K c°K 

265.9 10' 6 6 .726~10-  

10 - 467 - 
400 0 

1 

1 
sged-: The parameters  a r e  t a k e n  from t h e  review 5e f o r  u se  i n  t h e  e m p i r i c a l  
e qua t ion  

A l i n e  undernea th  a d i g i t  i n d i c a t e s  t h a t  i n  t h e  review t h a t  d i g i t  was.considered 
t o  be u n c e r t a i n .  
As a r e s u l t  o f  an e r r o r ,  parameterfi f o r  0 a t o g  were used  which p r e d i c t  a lower 

thermal  c o n d u c t i v i t y  f o r  0 t h a n  for 02. A t  1097 , where xo has  i t s  maximum, the  
thermal  c o n d u c t i v i t y  f o r  0 is about  a f a c t o r  of 3 s m a l l e r  t h a n  r e c e n t  t h e o r e t i c a l  

I 

r. 

), 

I 
~ 

' 
J 
1 

-1 a = a T ~ ' ~ /  f1 + bT exp I: -cT-linlO 13 . 
c 

e s t i m a t e s .  However, t h e  maximum i n  x is l e s s  t h a n  t h r e e  pe r  c e n t  and the  
e s t ima ted  e r r o r  i n  Amix is  on ly  2.6?'! 

The thermal  c o n d u c t i v i t y  of  t h e  gaseous mixture  !as es t ima ted  from t h e  
thermal  conduc t iv i ty  of t h e  pure components by t h e  s imple  l i n e a r  combinat ion 
r u l e  5f : 

XIntx = 5 Ai x i .  (8) 
The e n t h a l p i e s  were assumed t o  be l i n e a r  f u n c t i o n s  of tempera ture  g iven  

1300 K ,  13OO0KJ, rounded t o  t h e  n e a r e s t  one-quar te r  i n  CJR. 
by t h e  review 5g . Tge v a l u e s  used f o r  t h e  hea t  c a p a c i t i e s  were averages  t aken  
over  t h e  range  
The parameters  a r e  summarized f o r  r e f e r e n c e  i n  Table  6 .  

Table  6 

Parameters  For The Entha lpy  Equat ions  

OC Hc (1300°) c a l  ./ gmoL C, /R 

O2 (+4)  1.0042 - 2 4.0 
0 ( + 4 )  6.5636 2.5 3 

1 

i 
/ 

6.25 
1 
I 

<' 

(+4) 4.9359 O3 
Legend: The parameters  a r e  f o r  H r C ( T )  = H,: (1300') + C ,  (T-13iO0°>. 

( 2 2 )  y.yy denotes  t h e  number (y.yy)xlO*'. The review 5g cons idered  the  unde r l ined  
d i g i t s  t o  be unce r t a in .  

1 

i 

The total mass-flaw r a t e ,  M, is  an  e igenvalue .  The va lue  r e q u i r e d  f o r  .1 

1 
s o l u t i o n  of the  flame e q u a t i o n s  can be compared w i t h  one c a l c u l a t e d  frorr. tile 
expe r imen ta l  burn ing  v e l o c i t y  ,v(Z ) , 

C 

M = P(Z,) v (Zc) ( 9 )  
p (2 1: g a s  d e n s i t y  a t  t h e  burner  in g./cm 3 . 

C 
~ ( 2 ~ ) :  mass average  v e l o c i t y  a t  the  bu rne r  i n  cn./sec. 

Xc :  t h e  ( a r b i t r a r y )  d i s t a n c e  coord ina te  f o r  the  burner .  

mix tu res  1' . T h e , d a t a  in t h i s  paper  a r e  f o r  t h e i r  mix ture  wi th  t h e  parameters  
S t r e n  and Grosse measured t h e  burn ing  v e l o c i t y  of a s e t  of ozone-oxygen 

/' ' 
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k 

! 

v(zC)=  52.2 cm./sec. 
1 

The Hi r sch fe lde r -Cur t i s s  mod31 for t h e  flame h o l d e r  has  been shown f o r  
one i d e a l i z e d  f l a n e  t o  r e q u i r e  an  expe r imen ta l ly  n e g l i g i b l e  d i s c o n t i n u i t y  
i n  t h e  mol- f rac t ions  a t  Zc (vide Sec t ion  2). Thus, f o r  t he  ma thena t i ca l  model 

t he  mol - f r ac t ions  of Eq. (10) represent&Ec X, (2) # l i m +  X, (2). The r e -  
Z->Zc 

na in ing  boundary v a l u e s  were c a l c u l a t e d  us ing  t h e  boundary c o n d i t i o n s  f o r  t he  
n i r s c h f e l d e r - C u r t i s s  model (cf. Sec t ion  2) .  The e n t i r e  s e t  of va lues  is 
s u h a r i z e d  f o r  r e f e r e n c e  : 

- -2 -1 M = 0.07736 g.-cm. -sec. 

2 = zc l i m  8-> + cg 

0.0 GO 

GO, (-1) 6.315 7895 
c 

(-1) 3.684 2105 

T+ (+2)  3.00 ( + 3 )  1.344 2328 
11 

4. Xethods of Nuiie-icsl Integmtio: : ;  Chcrac te r  of t h e  Eizenvalue  Problem. 

P rev ious ly  publ i shed  techniques13  were used t o  c o m t r u c t  a Tay lo r  S e r i e s  
:>I chc t h i r t i e t h  o r d e r  about  t he  hot  boundary t e n p e r a t u r e ,  Tmal (which i s  a 

s i n g u l a r  p o i n t  of t he  d i f f e r e n t i a l  cqua t ion  sys tem) ,  as a l o c a l  s o l u t i o n  
over  a n  i n t e r v a l  

2 8  
( =  Z )  y.yy denotes  t h e  number (y.yy) x 10 . 

+ ,:kis va lue  co r re s2ords  t o  (dT/dZ)Z = 0, The a c t u a l  va lue  o f  T(Zc) m u s t  
s u c h  t h a t  (dT/dZ)z has a pos i t$ve  value.  The e x a c t  va lue  is of no 

iz.portance 3 0 C 
* *  I n  o r d e r  t o  s c a l e  t h e  magnitudes of s u c c e s s i v e  poner s e r i e s  c o e f f i c i e n t s ,  

i t  is e s s e n t i a l  t o  u6e a reduced temperature .  t = (T-Tmax )/Tmax h a s  been 

found t o  be a s u i t a b l e  choice  4* . 

I. 
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Mathematical  i n s t a b i l i t y  of t h e  e q u a t i o n  sys tem 4 p r e v e n t s  c o n t i -  . ,  

The po*:fer s e r i e s  c o e f f i c i e n t s  were checked by a t e s t  which has been 
used r e p e a t e d l y  t o  d e t e c t  any  e r r o r s  of i n c o n s i s t e n c y  13a . 
n u a t i o n  of t he  s o l u t i o n  from T1 by a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of con- 

VentiOnQl methods of numer i ca l  i c t e g r a t i o n .  A l t e r a t i o n  of t h e  l a o t  of e i g h t  
d i g i t s  i n  s i n g l e  p r e c i s i o n  computer c a l c u l a t i o n s  was s u f f i c i e n t  t o  cause 
t h e  s o l u t i o n  t o  d i v e r g e  e i t h e r  p o s i t i v e l y  or n e g a t i v e l y  a l o n g  a 6 r i o r i  r i d i -  
cu lous  cu rves  (*, dG /dT) goes t o  z e r o  i n  the  h igh  t empera tu re  r e g i o n ) .  

Fur thermore ,  t h e  f i r s t  s t a g e  of  a prev ious ly  publ i shed  method of s u c c e s s i v e  
approximc;ition could  be c o n s t r u c t e d  over only  o. p a r t  of t h e  rercaining tem- 
p e r a t u r e  range o f  i n t e r e s t  . There fo re ,  t h e  r e s u l t s  d i s c u s s e d  i n  t h i s  
paper  were ob ta ined  by f u r t h o r  developnient of p rev ious  work l4 . A computer 
program vias developed i n  which t h e  nachine made t h e  necessa ry  l o g i c a l  
cho ices  t o  c o r r e c t  i t s  i n t e g r a t i o n  and t o  follow t h e  d e s i r e d  s o l u t i o n  15 . 
The v a l i d i t y  of t h e  p rocedure  was t e s t e d  wi th :  (a) t h e  check d i s c u s s e d  a t  
t h e  end o f  t h i s  S e c t i o n ;  ( b )  compsrir;on of t h e  s o l u t i o n  w i t h  t h a t  ob ta ined  
by t h e  f i r s t  s t a g e  of t h e  s u c c e s s i v e  approximat ion  technique .  Over a ten- 
p e r a t u r e  range common t o  b o t h ,  t h e  d i f f e r e n c e  between t h e  f u n c t i o n  v a l u e s  
f o r  t h e  two s o l u t i o n s  was at most a Zew p c r  c e n t  * . 

A l l  prev ious  c a l c u l a t i o n s  on ozoae which t o  k d i f f u s i o n  i n t o  account  
were based e i t h e r  on t h e  k i n e t i c  s t e a d y - s t a t e  18919 or on improved a lge -  
b r a i c  approximat ion  r e l a t e d  t o  t h z  k i n e t i c  s t e a d y - s t a t e  20 which gave so- 
l u t i o n s  approximate ly  f o l l o w i n g  t h e  k i n e t i c  s t e a d y - s t a t e .  It  h z s  been s h o m  I 

t h a t  4 : ( a )  t h e  k i n e t i c  s t e a d y - s t a t e  i n s u r e s  
approximat ion  t o  t h e  boundary conl i t ic rn  Go = 0; (b) with t h i s  approx iwi t ion  

any  t h r e e  component sys t em r e q u i r 2 s  oaly tl. s i n g l e  e igenva lue ,  1.1. 

approxirrmtion t o  t h e  k i n e t i c  s t e a d y - s t a t e ,  i t  is s u r p r i s i n g  t h a t  . t he  s o l u t i o n  
f o r  t h i s  mix ture  could  be c o n s t r u c t e d  w i t h  I? as t h c  sole e igenva lue .  The b a s i s  C 

f o r  t h e  las t  s t a t emen t  c o n s i s t s  of t h e  f o l l o n i n c  f a c t s :  (1) S t a r t i n g  v a l u e s  
a t  T1 o f f  t h e  ho t  boundary which g i v e  neEat ive  or p o s i t i v e  d ive rgence  agreed  : 

with  t h e  5um of t h e  series cons t rdczcd  a t  T4-,, t o  - x i t h i n  one u n i t  i n  t h e  e i g h t h  
d i g i t ;  ( 2 )  S o l u t i o z s  which a p p r o x i r n t e l y  sakary  the co ld  boundary c o n d i t i o n s  
Go = 0, X 0 were o b t a i n e d  ( i n  t he  s e n s e  t h a t  (a) xo and IG,l decreased  t o  ! 

l e s s  t h a n  0.01 of t h e i r  maximum v a i c e s ;  (b) I n e p e c t i c n  of t he  bounding cu rves  , 

shoved t h a t  t h e  r a t i m v r o u l d  have boen l o a c r e d  i f  t h e  bounds were brought 
c l o s e r ) ;  ( 3 )  14 could be a d j u s t e d  t o  f i t  Gg (Zc). 

" ,  

3 0 

4 

I 

s o l u t i o n  w i t h  a s a t i s f a c t o r y  

S i n c e  t h e  p r e s e n t  c a l c u l L t i c 3  :.either ass-xes nor p r e d i c t s  any r easonab le  

0 

3 
Conversely,  f o r  r i c h e r  ozone :lams (i.., h i g h e r  Tma;:) c a l c u l a t i o n s  

a l r e a d y  pcrformed show t h a t :  (1) t t e  s e r i e s  s o l u t i o n  inc1udir.F: S:.: t e r m  i n  
some c a s e s  p r e d i c t s  s t a r t i n g  va luoc  :.rhich d i f f e r  by a f a c t o r ; ( 2 )  i t  seen& in- 
p o s s i b l e  t o  f i t  t h e  co ld  boundary value on G (Zc) and Go u s i n g  only  a s i n g l e  

e igenva lue  and t h e  e q u a t i o n s  p r e s e n t  a tvio e igenva lue  problem. 

I n  prev ious  s t u d i e s ,  s imilar  n u n e r i c a l  t echn iques  were a p p l i e d  t o  a hypo- 

1. 

O 3  

t h e t i c a l  flame ( w i t h  t h e  d i f f e r e n c e  t h a t  all d e c i s i o n s  vicre madc c a n u a l l y ) .  
A similar com arison s u p p o r t e d  t h e  v a l i d i t y  of t h e  s o l u t i o n  f o r  t h e '  i d e a l i z e d  
sys tem 14b* E7 . 
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Cor.trary t o  p rev ious  b e l i e f  18, 19' 20' 21 , i t  seems t h a t  a s i n g l e  

ci;eLvalue e p p r o x i m t i o n  is adequate  on ly  f o r  (a) s u f f i c i e n t l y  l e a n  flames,  
o r ,  ( b )  a n  i n c o r r e c t  approximat ion  o r i i t t i n g  t h e  k i n e t i c  energy te rn  i n  the  
equa t ion  of energy ba lance  f o r  r i c h e r  flames.  

5. Discuss ion  of Resu l t s .  

5.1. Frec  R a i i c o l  Curves; A p p l i c a b i l i t y  of the K i n e t i c  S teady-Sta te  Appro- 
x i n a t i o n ;  Comparison K i t h  Otner  Ca lcu la t ions .  

Consider a n  i n t e r m e d i a t e ,  &,whose n e t  r a t e  is given as a sum of r a t e s  
f o r  forward and r e v e r s e  r e a c t i o n s  

S ince  t h e  k i n e t i c  s t e a d y - s t a t e  approximat ion  

R o C  = 0 

has .been  f r e q u e n t l y  used t o  de te rmine  doc 

adequacy of the  approximation i s  g i v e n  by a r e l a t i v e  d e v i a t i o n ,  rK 
, a convenient  measure of t h e  

, d e f i n e d  
as 3a 

c 

Graph (1) she+ t h a t  ro is of t h e  o r d e r  of u n i t y  f o r  cost of t h e ,  flame 60 

t h a t  t h e  k i n e t i c  s t e a d y - s t a t e  is a o t  a i ; z*< .~ l  appzo::ination for c a l c u l a t i o n s  
vhich  are a t  a l l  s e n s i t i v e  t o  t h e  p x f i l e  k. (T) .  vox Xa'rm& 2nd Tenner L-Zl8 
con jec tu red  t h a t  t h e  npproxi rn t io : i  m s l d  >e u s e f u l  . i n  . c a l c u i c t i n g  burn ing  
v e l o c i t - i e s .  S ince  t h e r e  i s  evidcncc  f;h2'; flaqe.  speeds  are cc::.y.xntivcly 
i n s e n s i t i v e ,  t h e i r  sugges t ion  s e c . 1 ~  :a be u s e f u l  f o r  rouz:? n??m:iiz:ations. 
Thus, p rev ious  c a l c u l z t i o n s  on an i d o r l i - x d  sys tem sh0ii:i- tk:t 1.i v a r i e d  by 
on ly  a f a c t o r  of about  0.75 n i t h  chanzc:; i n  k i n e t i c  a c d  t i f z c s f o n  p a r a s e t e r s  
vh ich  renoved any a p p r o x i o a t i o n  t o  t l i c  k i n e t i c  s t e a d y - s t z t e -  (g .  S e c t i o n  5.6). 

f o r  a f i x e d  s e t  of pararzeters,  t h e  u s e  of t h e  s t e a d y - s t a t e  approx ina t ion  n i g h t  
g ive  a r e s u l t  of t he  r i g h t  o r d e r  of r : r .p i tude  even i f  i t  grossl:? d i a t o r t s  
p r o f i l e s .  

has  been a t t r i b u t e d  t o  t h e  k i n e t i c  s zoady- s t a t e  approximat ion  +. S i c c e  

*:':hen von Xa'rrLn and Penner l8 infc:*i:..-eted the  e x i s t e n c e  of a maximum i n  t e r n s  
of t h e  k i n e t i c  s t e a d y - s t a t e  appr  t h e y  c o n t r a s t e d  t h e i r  suGc;es t i o n  
viith H i r s c h f t l d e r  and C u r t i s s '  2 t a t i o p .  Hooevcr, t h e  c o n t r a s t  xas 

rc:..son f o r  t h f s  ir; tk.7.t t h e  f r e e  i n  t h i s  c a s e  oxygen atoms, are essen-  
t i a l l y  i n  equi1 ibr iu : i  v i t h  f u e l  ITI n t h e  r e g i o n  of t h e  h o t  boundary. This 
is t h e  s i F n i f i c a n c e  o f  s e t t i n g  K1 r s c h f e l d e r  ana C u r t i s s '  n o t a t i o n ,  IC1 is 
t : ic  n e t  r a t e  of 0 a t o n  prOdUctiOn,EG t h a t  K -0 is j u s t  t h e  k i n e t i c  s t e c d y - s t a t e  
a sn rox i r . a t ion .  
+See 'L'ostenberg and F r i s t r o m  l6 , p.51>8 f o r  comments on  expe r imen ta l  s t u d i e s  which 

3 . .  

n  he ' a s s u q t i o n  t h a t  a similar r e s u l t  t d d s  f o r  t h e  o,zone i l ~ m  su,-ge.-t$; :hat, 

The e x i s t e n c e  .of a s i n g l e  intel-i-,zl naxbum i n  an i n t e r n e d i a t e  mol - f r ac t ion  

- 

. based on an  i n c o n p l e t e  pa rzphras  i t t e d  t h e  words i n  i t a l i c s :  ''The 

1- 

1 have s h o i n  m a x i m a  i n  r a d i c a l  c o n c e n t r a t i o n s  and f o r  r e f e r e n c e s  t o  t h e  l i t e r a t u r e .  

I .  
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Graph (2)  f o r  xo( T) shows such  E.  ni::rinum in t h e  absence of t h e  k i n e t i c  s t e a d y -  

a t a t e  * t h i s  i n t e r p r e t a t i o n  must be abandoned. However, a n o t h e r  one which 
p r e d i c t s  a s i n g l e  i n t e r n a l  maximum for a wide class of i n t e r m e d i a t e s  
apply .  Furthermore,  i f  

1 
3 d o e s  

4 

1 

an arbitrcx:{ o r i g i n ,  
t h e n  Graphs ( 2 )  of xo( 21, ( 3 )  of  ::(.,( $>, and (4 )  of dt/dZ show t h a t  t h e  

p r e v i o u s  c o n j e c t u r e  
ozone f lame:  d e s p i t e  t h e  s t e e p e r  '-:, ii;rzdient on t h e  hot  s i d e  of  t h e  naxinum, ! 
t h e  l a r g e r  5 g r a d i e n t  l i c s  on t t c  co ld  ~ i d c  (due t o  t h e  r a p i d  i n c r e a s e  i n  
dt /dZ i n  t h e  r e g i o n  o f  r a p i d  c h e t . i c d  r e a c t i o c ) .  

s t e a d y - c t a t e  d i f f e r  q u a l i t a t i v e l y  ~ t h e  assu?.pt ions of e a r l i e r  s t u d i e s  2 3 * 1 9  : 
and t h e  conclus ions  of a t h i r d  2 c ~ ~ o ~ h c  c x t r e z c l y  l a r g e  d e v i a t i o r s  reported ' 

h e r c  would have been somcrihat 1O;:e:: F L . ~  t h c  r e g i o n  about  t h e  hot  bourdnrjr I f  
t h e  o l d e r  s p e c i f i c  r a t e  f o r  0 atc:n rb?cozbinat icn had been used. I n  t h e  e a r l i c r  < 
s t u d y  t h e  r econb ina t ion  r a t e  \;:as -iotors. inod f r o 3  Bq. (7) u s i n g  t h e  d i s s o c i n t i o n  
r a t c  c a l c u l a t e d  w i t h  t h e  pre-cxpc %!:i:tial I C L C ~ O I -  for t h e  s imple  b i e o l e c a l a r  / 

c o l l i s i o n  theory.  Subsequent  expe r :;its hove d1o:;n t h - t  d i s s o c i a t i o z i  r e a c t i o n s  ' 
have abnorna l ly  l a r g e  pre-exponer :?hl fe ic tc rs  -. Thus t h e  s a e c i r ' i c  rzcoabi -  

of  t h e  o r d e r  of 1000 at  400' +. 5; :Lta;z : l o i i c r  b w x d  on t h e  e f f e c t  of 
t h i s  d i f f e r e n c e ,  R& =, Ro + 2 R i  

3 f o r  such  i r - ' ce rnedis tes  a p p l i e s  t o  t h e  0 a t o n  i n  t h e  

These r e su l t s  on  t h e  s i g n i f i c : : n c e  of t h e  d e v i a t i o n s  f r o %  t h e  k i n c t k  

n a t i o n  r a t e  used vias t o o  lo*:r by c? ::,:ic.t~r 0: t h e  oreer o f  100 at  1250' and j 

c:.:: be cui..gutc.c! u s i n g  t h e  d a t a  of t h i s  s t u d y .  ' 

A t  a t empera ture  1200 o f f  t h e  h c ;  Zr;:int ':i L : Z C  of  29 r a t h e r  t h a n  R aould 

g i v e  a r e l a t i v e  d e v i a t i o n  o f  -0.1 5 ?.?xit:?:..L. si 4 - 8 3 .  
Iiovevcr, t h i s  d e c r e t c e  does  .I..';. alzk:: :>-a ::LLL'XZ~..-~ d l f i e r e n c c  which 

can  n o t  be  due t o  t h e  d i f f e r e n c e  2 C::JCT. i;?: s r s c i f l c  :-L':CL. a n t  t r a n s p o r t  
c o e f f i c i e n t s  adopted  i n  t h i s  stct ; .:.:xi thorrz or:scrcC ir. - 'p7. - -  id- c b  iolrs i n v e s t i -  
g a t i o n s .  T h i s  conc lus ion  was dedc  : :!L fror; 

3 0 
- .  

PSI : a l o c a l  so lu i ior -  a t  ,:h.: h o t  boandzry 

(17) 
i n  t h e  ior:n .IC :i tr:cr.tiet:? o r d a r  p o m r  
s e r i e s  coxt . :uc tod  : ; i th  t h e  e a r l i e r  s c t  
of .-?r....-<. ...- yu-cl..lUr.21 >. 

PS p r e d i c t e d  t h e  same q u i l i t a t i v , :  r e s u l t  found i n  t h i s  s tudy .  It is not 

xo, b u t  x which approximate ly  3 b e y e  t h e  s t e a d y - s t a t e  over a v i d e  t e n -  

p e r n t u r e  i n t e r v a l  about  the  hot  bou::dnry : 

1 

O 3  

T 2 1217 ( 7  0.88) : r f. 0.01 

T z 1167 ( 'Tz 0.83) : ro- 5 0.033 . O3 

3 

(13) 

B r 2  can be t a k e n  as a t y p i c a l  e::::-iple 

+ The s i g n  of t h e  tempera ture  cos : - ic ien t  was a l s o  wrong s i x <  t h e  e s t -  

24 . 
was made before  exper iments  e s t c i ' u l i s h e d  t h e  n e g a t i v e  texiipcrature c o c f f i -  
c i e n t  f o r  recombina t ion  r a t e s .  

r 



E7 
LLt.ic~;.i t:ie net  production r a t e s  of 0 and of 0 a r c  r e l a t ed  by t h e  equation 3 

R = Ro-2 (it,-i-Rlc) (19)  
O3 

X L  9 2-103R, 3 
X9 t o  zero a d  l e f t  Ro be non-zero. von Ka’mLn and Penner made this approximation 

;‘.1Ci1 t m y  rrcre atteni&!ng t o  s implify the  ozone equations i n  t h e i r  study of flame 
sgccds. They argued t h a t  R would be n e a i A i b l e  compared with o ther  react ions except 
i n  a t c q c r a t u r e  range about the  hot boundary which tney  fe l t  would be unimportant 
f o r  tale calcul- &ion of f lme  speeds. Szndri inde the  same approxirat ion inrh is  
c d c u l a t i o n s  iP’-r. According t o  t h e  r c s u l t s  of this study, a r s s i o n  of 5 alters 
3 by orders  of magnitude over t h i s  region. 

of an idea l ized  system would support the  contention t h a t  any change which l e f t  
R coxqaratively small could be expected t o  be without s ign i f i can t  e f f ec t ,  it does 

no? necessar i ly  follow t h a t  this could bc expected f o r  a d r a s t i c  a l t e r a t i o n  i n  Ro 
m l e s s  the  temperature ranse i t s e l f  vere  a negl ig ib le  f r a c t i o n  of t he  whole. 
Unfortunately, this approximation also gives an erroneous estimate of the  s i ze  of the 
tcspera ture  region. I n  any case, i t s b v L d  not be made i n  any study of flame s t ruc tu re  
and processes. 

through a temperature range of over looo, two of these  s tud ies  equated 

r 

While it i s  t r u e  t h a t  previous s tudies  
O3 

0, 

3 

w a s  used 
s t a r t i n e  

I n  the  t h i r d  stuciy, a Taylor s e r i e s  ,pnroximation using second der iva t ivss  
t o  pred ic t  values at T = T, ,_ -2’. 
from tnese valucn gave so1uLi3i> cumc:, w’nic., o sc i l l a t ed  v io len t ly .  

Ia-.:ent i n t eg ra t ion  with 2 degree in t e rva l s  
After a 

change t o  much l a r g e r  values  f o r  Go 

“ .r -,....- _ _  -^--i.l-, thn o s r i l l a t i o a c  i n  tn3  ea:-lier so lu t ion  were a t t r i bu ted  t o  the  
r.ucii too s m u  >- - 1 -  - - ’- ‘ ++ T w l o r  s e r i e s .  Ziis e m l m a t i o n  

slnd xo ga.?e so lu t ion  curves which vere  smooth 

“3 aoes not a2pear t O  b6 correc t  since: t ] ~ )  I L ~ ~ ~ C ~ L L J ~ ~  uL L ’ ~ ,  snowed t h a t  use of second 
cer iva t ives  gave s t a r t i n g  values  ce r t a i i  zo &bout one decimal, which were not of f  i n  
nsLnitude; (b)  
nei&hborbood of the  solu+‘cn deterniiiEC >J t h e  .lot boundary conditions a r e  so  
r.-tnexatically unstable I ‘I t h a t  the curves -re sens i t ive  t o  the last  of eicht d i g i t s  
ca r r i ed  i n  usuzl  computers. Tnerefore, they reqxire spec ia l  methods of solut ion 
(see Sect ion 4 ) .  The in t roduct ion  of the  l a r g e r  v d u e s  of Go and xo avoided t‘ne 

unstable  region i n  w‘nich G and xo are inc reas i ig  anti xo appJoximate3y follows a 
k i n e t i c  s teady-state .  
>: 
f?ame, x was c d c u l a t e d  not  from th:: ki.i=tic s teady-state  apgroximation but  from 
tne  equa9ion , 

This study has shwm Licit t h e  ozone d i f f e r e n t i a l  equations i n  the  

0 
Tiius these  lar&e,er values were rcsaonsible  for  me report  tha t  

has a maximum wi th in  tvo  degrees of the  JOT. boundary.. For t he  r eminde r  of t he  

d [xo/xo ss ]/dT = 0 4 d x /dT = [X /X ss 3 d xoss/dT 
0 0 0  

6 s .  xo . t ne  value of x givon by t‘ne k i n e t i c  s teady-state  approximation. 0 

Tne present  study shars  t h c t  tlGs riould not be usefu l  approximation f o r  a 
co lu t ion  determined by tkc  hot  boundzry c.nndition:;. I n  the  neighborhooc! of the  hot 
boundaqr, a k ine t i c  s teady-s ta te  i s  i. better approxiriation by two orders of magnitude 
f o r  xo tnan  f o r  xo. !bus f o r  such i cclut ion,  Eq. (20)  replaces  t h e  l a r g e r  

3 
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d [xo/x:Sl/dT by zero r a t h e r  than t h e  smaller d [x /xsslfdT. 
O3 O3 

The previous s t u d i e s  agree within &bout l3$ on predicted flame speeds 
(cf. Section 5.6) .  
discussed above d id  not g r e a t l y  a f f e c t  t h e  ca lcu la ted  flame speed, t h i s  could only 
b e  proven by repra t ing  t h e  present  ca lcu la t ions  for  t h e  o lder  parameters (cf. 
Sect ion 5.6). 

Although it may be t h a t  t he  assumptions and approximations as 

The following considerat ions suggested t h a t  it would b e  worth-while t o  
determine how a change i n  t h e  spec i f i c  r a t e  f o r  f ree- rad ica l  recombination would 
a f f e c t  t h e  calculated M. Table 7 shows t h a t  r a d i c a l  recombination provides one 
of the  most important terms i n  Ro, t he  net  r a t e  of 0 atom production, u n t i l  Ro 
becomes pos i t ive .  

rapid r i s e  t o  provide the  major change i n  Go . Therefore, it seemed poss ib le  t h a t  

a change i n  recombination r a t e  might s i g n i f i c a n t l y  a f f e c t  t he  te rqera ture  a t  which 
R becomes posi t ive.  The r e s u l t i n g  s h i f t  i n  t he  temperature at which G begins 

i t s  rap id  r i s e  would change M. 
recombination r a t e s  have a marked e f f e c t  uron burning ve loc i t i e s ,  x o n e  might be one. 

As this occurs,  Ro , and therefore  G begin a much more 
3 O< 

3 

O3 0 

This sug5estcd t h a t  i f  there  i s  any flame i n  wnich 

The t e s t s  were performed using sonewhat d i f f e ren t  f r e e - r a d i c a l  d i f fus ion  
c o e f f i c i e n t s  (cf. Sect ion 5 . 5 ) .  
spec i f i c  r a t e s  of Sect ion 3: 

Two d i f r e ren t  ca lcu la t ions  were made with the  

M 

0.07736 

0.149 

P E 14 Go ( Z c )  
3 

3.0jk90 (zi) 

0 .  ;59i8 

According t o  SectLon 5.6 t h e  product P c 1.  lie apsroziz!acec r o u ~ n i y  2 s  a l i n e a r  fUnCtiGn’ 
of  Go (Zc).  A s t r a i g h t  l i n e  through th data  of Sq. (21) gave 

3 e 

P = 0.05958 M = 0.1617. ( 2 2 )  
I 

A t h i r d  c a l c u l a t i o n  with dou?& . r a t e s  f o r  atom recombination and dissocia- 
t i o n  and t h e  sane value of M gave: I 

M = 0.149 Go (Zc) - 0.3966 P = 0.05939. (23) ” 
3 

The assumption t h a t  d P/d GO3 :Lc) woula be about t h e  5w.e f o r  t ne  d a t r  
I 

of  Eqs. (21,23) gave 

P = 0.05981 M = 0.1623, (21) 

Thus a two fo ld  increase  i n  1 I rccoubination r a t e  gave on ly  a J.4.; 
increase  i n  M. Therefore,the s e n s i t i v i t ,  t o  f r e e - r a d i c a l  recombination and 
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d i s s o c i a t i o n  r a t e s  app1;ars to be of t he  :--me o r a e r  f o r  the  ozone systeni and f o r  a 
previously studied f r e e - r a d i c a l  syste:n "",. 
i n  t h e  free-radical  spec i f i c  r a t e s  i n e r e x e d  14 by a f ac to r  of about 1.3. 
of t h e  ca lcu la t ions  suggests t h a t  t h e  t j . ' i ' e rence i n  t h e  d i rec t ion  of t h e  s h i f t  can 
be a t t r i b u t e d  t o  t h e  f a c t  t h a t  an increr-:;e i n  f ree- rad ica l  rates '% ozone dis turbs  
the  k ine t i c  s teady-state  approximation fS,,r 0 

I n  the l a t t e r  flame a 300 fo ld  decrease 
Ins2ection 

i' i n  t he  region about t h e  hot  boundary. 3 
1 

-1 

5.2 Energy Transfer;  Constant Specific: nthalpy Aaproximation. 

For considerat ion of t h e  rei:,-, i ve cont r ibu t ion  vhich var ious physical  1 

f' processes make t o  e n e r a  t r a n s f e r ,  t h e  xrms i n  the energy balance equation ( I C )  
w i l l  be regrouped. Since t h e  equation Jswmes an asymptotic approach t o  t h e m a l  and ~, 
di f fus ion  equilibrium as 2 - + m, t he  cxrm conservation can be conveniently expressed 
i n  t h e  form A 

I 

j 4 M T i  H.G. /mi - A riT/dZ = " w m  iHiGi/mi 1 1  

= M @ (H/m) 

H = Z i ~ i ~ i  = e liaaipy/mol 

i 

I 
1 The f i rs t  term i n  Eq. (25)  ::. ..: -!le v r l t t e n  as the  sum of a t e r n  due t o  

d i f fus ion  and a convection term due -L, 2ic t:e:;s averaze gas  veloci ty:  

M (H/m) i n 2 i H i ~ ,  :. - A oP/dZ I - _  
= FI (ii/r.) 

: t he  d i f fus ion  v:l-ocity 01' s3ec;es i. vi 

(26 )  ,: 
.I 
1 

I n  order  t o  show Yne re1ati.n:. ~ > p o r ' a n c e  ol tine th ree  processes i n  dimension- 
less units, the  followinc r a t i o s  have L c c n  grzphed: 1 

Convection T z  r E i , 3 i  
RCoNV = Conduction Tcni  h 

* I n  t M s  system, Reaction (1) i s  tnc i d c d i z c d  analogue of a free-mciiccdl 
dissociation-reccmbination reac t ion .  

I 



Sfiicc ilT/dZ qpro-ches zero 9 s  Z -+ Z m d  has a l i m i t i n g  value of 
2 * Zcold and must approach ..L-o as Z - CJ) it i s  a 9 p u c n t  t n a t  R::CiN nust xlicrcc,.,e as 

5:12i:-Aty as Z -. + a. Iii contrast  vi<.h tY-e i&ed. ized f lme  previously studied, f o r  
: : :~ch  coni-cction ims t he  l e a s t  Mp~i-:;an-i process, Graph 5 show t h a t  convection i s  the  
r .ost  lrportant Drocess i;hrou@out thc  cntii-e f l m e  and, i s  over a f a c t o r  of 10 more 
L~ .go r tan t  til:-oughout t h e  h o t t e s t  region u n t i l  G h-s a t t a i n e d  between 0.4 and 0.5 of 
its linitiw cold boundqy value. H i r ~ c l d e l d e r ' ~  '' has shoim t h a t  when the  approxima- 
~ l o n s  of Eqs. .(lb, I C )  are uccd, t h e  entlijlpy p e r  g r m  i s  constant @ dL1 Levis numbers 
zi-c -&ty. 
i q o r t a n c e  H iiDm = 1 c--r tiic speci i ' ic  e x t h d p y  i s  constant all Lewic! 
unity.  J imzm H. 
Graph 6 09 RDii?F shorrs t h e  quant i ta t ive  e f f e c t  of non-unit Levis numbers upon the  
r e l a t i v e  i E o d m c e  of the  two processes.  The r a t i o  nas t h e  saiie q u a l i t a t i v e  var ia t ion  
found i n  an ideiLized system f o r  "licht" f r e e - r a d i c d s  (those whose binary difi'usion 
coef f ic ien ts  a re  l a r g e r  t han  tine coei 'f icients f o r  major component p a i r s )  d i f m s i o n  
i s  t h e  more important process i n  t n e  h o t t e r  regzon (770.75) and thermal conduction 
i s  t'ne more important f o r  (7 <0.75). 

I -.. cold )cI 

, 

I 

. .  

Bmt, the processes of rjif'fusion and thermal conduction a re  of e q u d  

Tnernal conduction w i l l  be t t e  nore important process@RDDT< 1- H 

3: 

nie suggestion has been made t h a t  t h e  constant spec i f ic  enthalpy appro .0a t ion  
n ight  be used t o  determine one of t h e  mol-fractions;  This approxi3ation has been 
appl ied s p e c i f i c a l l y  t o  t h e  ozone flame by von &an and Penner %G. Let 

a': be t h e  species  such that Hatxat i s  t h e  l a r g e s t  term i n  

k/m = m-l E H 2 a  . 
Tnen, at this poin t  t h e  r a t i o  

Siiorrs t'ne r e l a t i v e  e r r o r  i n  x , I  t h a t  v o i i L  be Eade i f  this approximation vere  
used. For this ozone ?lame, Graph $' shms thc  v x i a t i o n  i n  t h e  e r r o r  whLch i s  never 
e r e a t e r  t n m  e ight  p e r  cent.  
i c a l  calculat ion,  t h e  e f f e c t  on t'ne in-iegriL curv?s might be g r e a t e r  than Yne e f f e c t  
a t  one axbi t ra ry  poin t .  

liomver, if this qlxoximation were used i n  any theoret-  

5 . 3  Heat Release by Radical Becombination. 

To t e s t  the  suggestion 27 <hatLt) siiice rad ica ls  a r e  himj energet ic  species  
they might serve as an important means of energy zransport  by d i f fus ing  toward t h e  
cold boundary and recombining, the r e l a t i v e  contr ibut ion f ree- rad ica l  recombination 
makes t o  the t o t a l  volume r a t e  of hea?; r e l e  s d e t o  chem'cal reac t ion  3 8, YEo - 2H 

(Ho -H -H ) + R2 ( €ioCHO3-2Ho2) ) ' (30) 
O2 

3 O O2 HREL = -1 
i s  given by Graph 8. 

Contrar j  t o  t h i s  suggestion, t h e  contr ibut ion of t h e  main combusion reac t ion  
i n  t n e  colder region is  more important by an ordcr of magnitude. 
s t r i k i n g l y  wi th  the  f a c t  t h a t  t h e  f r a c t i o n  contributed by radical recombinetion 2 1/2  
f o r  s u f f i c i e n t l y  hot  T ('t 2 0.77). 

This cont ras t s  



37 

For thz ozone f me, HREL i s  o_uqdi ta t ively d i f f e ren t  than  a previously 
s tudied ideal izcd flame 
of t he  rccon;bination-~ssociation rcnction. It contr ibutes  much l e s s  than  a f a r  
pcrccnt  of t h c  t o t a l  volume rate of heat re lcase .  
d i ssoc ia t ion  i s  completely n e g l i g i b l e  m d  tile contr ibut ion i s  always pos i t ive ,  i n  
t h e  idea l ized  system t h e  cont r ibu t ion  i s  botil p o s i t i v e  and negative.  This i s  
q u d i t a t i v c l y  the  same as tine contr ibut ion of' t he  B r  - Bv2 reac t ion  i n  t h e  H2 - Br2 
systcm. 

. I n  tine la t ter  -'lime Reaction (1) i s  t h e  analome 

IPxxcas i n  t h e  ozone system, 

5.4. Spa t i a l  Separation of Processes.  

There are both experimental  and t h c o r c t i c a l  reasons for examining t h e  
s p a t i a l  separat ion of processes  i n  t n e  ozone f l m e .  
r e l a t i v e  importmce of processes i n  thc  nciy:iborhood of t h e  hot  boundary n i g h t  
S U P J p i t  u se fu l  a l t e rna t ive  models. E ~ e r i m e n t z l l y ,  s tud ies  of t h e  methane-oxygen 
system have shown t h a t  t h e  ad iaba t ic  modcl. (iihich i n  used i n  theo re t i ca l  s tua i e s )  
i s  r a the r  good for t h a t  system: 
temperatures d i f f e r  by 0n1.y 100 

Tneoret ical ly ,  study of tine 

&he calculated and corrected experimentdl. flame 
. 

\,hat i s  of p a r t i c u l a r  i n t e r e s t  nere i:: t h a t  t he  mthane-oxygen f l m e  
has a r a t h e r  marked separa t ion  i n t o  thrcc  s3xtLz.l reGions 26a : 
a tu re  rcgion, comonly e q c c t e d  i n  fl.anc:;, i:i 7r:iich t h e r e  i s  conmaratlvely l i t t l e  
chemical reac t ion  but  a marked tempei.z:.';cr? i+se due to enerm t ranspor t ;  (2) an 
intermediate temperature region donintiLc6. >y o x :  s e o p n c e  of react ions;  (3) a 'nigher 
tcmperature reZion extending t o  thc  ri;a:<- ixu.i i 2 m e  t c i . p r a t u r e  CorLnated by a 
d i f f e ren t  sequence of r cac t ions .  l'hc rl'c?;I.c 7 of reac t ion  r a t e s  aqd tine Graph 9 
of T ( a )  [cf. Eq. 163 shorrs t h e  sepc.i-z.t::on of "ne o z o x  flax 9nto the f i rs t  two 
regions.  
\*Then the  temperature i s  s t i l l  200' (!I' .: ::.1 
value, the  fie1 mol-fract ion has decx : rxd  L c  lS-' of 1';s rna ; . , i~c :  vnlue which occurs 
at the  cold boundary. Both zre, 
of course, orders of magnitude great& tiim 3 o z e  for coxplete the-modynmic 
equilibrium. 

(1) a low texper- . .  

The separat ion into two & i Y f ' : x n t  :iir.i:tic reZions v i 1 1  zcw be defionstrated. 
) :,el,ov i t s  limit!.sg ;hot boundary 

Conversely, xr ir. s t i l i  ,3.87 of i t s  maxinm -ml.ue. 

Inspect ion of t h e  g r q h s  ( l O , l . l . , 2 )  :a- the  xol - f rac t ions  a id  f r a c t i o x i l  
mass-flar r a t e s  shows t h e  g r e a t e r  impor tam:  of chmees f o r  0 =ton i n  t h i s  rcgion. 

I n  terms of r e a c t i o n  kinet ic : ; ,  -R. z -9 z 0 a d  R /R increases  rzp id ly  
O 3  O O3 

r? 
- 

v i t h  increasing T u n t i l  it reaches a v::.:.: .: mP over 100 i.f. Table 73. 
region the  ne t  r a t e  o f  free-raciical pro:.:.(32.cn is nore Iciporta?t. Tzble 7 OT rezct ion I 

4 
rates show the  iriportance of reconbic2t:ion t o  t h e  net  prof imtion.  
T = llk3', recombination cont r ibu tes  0.6: .  oi' Ihf :  t o t 2  (negat ive)  mt rate of pro- 
duction. This r e c a l l s  Fr is t rom'  r 2g ok::c-m,tion t2nz.t recorbii iation react ions mist 5 
bc imnortant i n  tine high taperatwe re;;:m o?' t h e  i!:cthanc-o?yzen f l m e .  I 

5.3 on h c a t  rc lensc has aI.re3d.y shom t;~:::~; 0 recombination i s  t'nc cim.inant sowce  I 

of hea t  re lcase  b y  chemical react ionc j.7: -;hi:; region. 

Tnus,in t h i s  

For cxx;?>le, a t  

Tie Section 

J u s t  as So doxinates  R 

magnitude so  t'mt f r e e - r a d i c d  mass-flow ,id.:c:; a inore inpor tan t  cor-tribution to  
energy conservation than  f b e l  mass-flov 3 ~ s .  

i n  Iri_::?tics, Go dominates G by tvo orders  Of 
O3 O3 I 

* 
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As Section 5.5 shorrs, the :e is  an app-3rozc!i t o  difiiision. cq-dilYor:.cn 
p r i o r  t o  thernal equilibriun. Conv?rscly, thcre i s  no qproach  t o  ciim.icc?l 
equilibriuq pr ior  t o  themal  equiliiriw7. Both x aid x . increase rapidly with 

respect t o  them& e q u i l i b r i m  valul-s, although not so rapidly as i n  a prcvious 
study 20. Thus a t  a tcnFerature o m  de!:ree bcloii the  hot boundary tenperature, 
xo and xo a re  77 and 79 t i m e s  greater,  respectively, than t h e i r  equilibrium v a u e s .  

O3 , 
0 

. .  3 

5.5 Tne Role of Diffision. 

To provide a bas i s  for  estir!iating the significance of diffusion t!irou:;hout 

t o  the  m z s  zycraze speed (~+a?h 12); (2)  t h e  
t h e  flame, two different  s e t s  of gn:ip?is are giver,:(i) the  rat ios  (v,/v) of the 
average speed for a par t ic le  of typz 
ra t ios  of V. /Pi  of tine actual  diffusion velocity t o  t h e  t o t a l  n,ass f lov  rate, I.; ( 2 r q h  13). 
AlthoupJ Se;ticn 5.4 shows t h a t  the-re i s  no app-oach t o  chemical e q i i l i b r i m  before 
themal  equilibrium, tnere  i s  a p r i o r  qproech  t o  d.iffus.iori equi l ibr iun  (v.. / T I . =  1). 
Conversely, a t  cer ta in  lover temper:itures,diffus.ion contributcs marc than 
mass flow t o  the motion of both 0 
-2.5 f o r  0 

z.Jernce 
:ind of 0. Thus V . / V  a t ta ins  valucs of 2.75 and 3 and 0 respectively. 3 

von hi%& ar,d Penner's cq)p:-o?:ijr,ate c-$:un-::l.on ?OF the bnrr5aS velocity 
predicts  t ha t  it w i l l  vary a s l p  jinv2r:;e square root . .  c y  t i c  ozonc-oxygen m;l 
binary diffusion coefficient . Ey acciii-nt: .there hits sJ.so,been a t e s t  0:' t h e  
sienificance of the oxyzen atom .oin:q uii'fusiclr. cocf5cients .  .4 !:ey-y~nch e r x r  i n  
one run, aid a duplication e r ror  i n  n sicork a~tei-e:: t h e i r  teriperztturs deperdexe s o  
t h a t  they were decreased tventy-fivr: t h e  s air'r'usion ec;_uat;',on 
i n  the region of most rapid chernical c' an egtirnated i.1 of 0.1617 rs. Eq. (22)l compared. witin PI = O.:L~ o r  the difrkzion coefficients 
of Section 3. 

- .  
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Prcvious s tudies  by %'ne author ~ Z I C  sholrn t h a t  for a three ccmnocer,t 
f l a c ,  thc product of 14 G,- 
3ppro;rirnatcu as a l i n e a r  %&io$. 
the  experimcntd Go 

throuCjl two different calculated v d u c s :  

( Z  ) va.iric:; :2.01rly with G, ( Z  ) and c a  be r o u m y  
'Ificr[:Co::c, e thcorehcal.  v k u e  corrc.;gor.Ciw t o  uel  

at tine cold bouriizrj vas estimated by passing a straight l i n c  
3 

M G (Zc) =0.06653 - 0.03086 (Go -0.3789). 
O3 3 

(33) 

This gave 

Since Professor Grossc fecls  t,: :-t 'hi:; d l sc rqmxy  ereat ly  excccds t'ie l i k e l y  
e: .px-imentjl  error 30 , i t  is- necessary ...o conziCcr gossible sources of the  6izazrce-  
ment. Results of previous calculations :in xi i d c  Lzaticn ol a free-mCic3J. f1m.e 
c m  bc uscd t o  s u a e s t  probdole sources G:;: error 2e2. FCJ? 2. anproFrlzte choice or  
firncnsionless variables, it vas found t!::,?, 1.; coulci be conbined irit'n other p x x e t e r s  
t o  form a dimensionless constant, p-2, v:~;.t:li -:arieCi ra ther  sloIrly wit'n cer ta in  
paraxeters: 

to e i ther  .too h i &  a v d u c  for one o 

-- iiot &lrcctly rclal 

f . .  . At T = 10oOo, a tcmperaturc in the ra:i:;c i;hcrc El mzkcz a. l u - ~ e  co!:tr-iSution, x;;:: 
r a t i o  i s  approxinate~y t v o .  Corrcctioii of Rcnson ani A.n:ortiv'c, p a r a x t c r s  f o r  ( a )  
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or' an oir:.c- eq.ri.lL3riLzi c o n s t m t  gave a. higher a c t i v a t i o n  LO -c.:..:<: 2cc1s".-" L...I 0;' t'ncir UGC A . 
. .  ?::CY.-:;- 'L:-.s. tiic 0r.c used I n  t h i s  rccoy; 5f .. 

or' : x ~ : - ~ c ~ ~  fr,steaci of l eas t  sn_uz!rer, d z c a  a i d p i s  X : 

i'1x.x 'icx2crCxrcs. . .  

ii?pmc+ly th%c  vas due t o  t h e i r  use  
Conversely; f1oi.r system 

cc. <yc,zx il 1o::cr value viiich~'v0uXi prcdic'i a. somevhat l o m r  spec i f i c  rate at  

Previous t ' i e o r e t i c d  studrics pred ic ted  burning v e l o c i t i e s  fo r  a m i x t u r e  
of sinilm. cor:position 

I 

X .  (Zco16) = 0.25 ' ' (37) 
03 

, .  

-1 32 . .  
for  -r:nich Levis m d  von Elbe reportei. a bumin:; veloe'ity oi" 55 m.-sec.  
%le r e su l t s ,  ckpcnding ucon the vd- nssirrxti f o r  the reduced d i f fus ion .  coGfficicnt 
range rrodc7 or 51 2!O to 42 or 116 ''1 'iPIicre i s  m c h  b e t t e r  agreenent betireen t h e i r  
c d c ' d e t i o n s  and cqerimeii t  than betirccn the results presented here and eyperinent . 

' A s  cilor;n i n  Section, 5.1, it i s  ilot cert3-in that t h e  ca lcu la ted  speeds are 
corrcct for t'ne 9araTcters  asswxd: 
cho:.:s that  - t ie .  discrepaicy beizreeii- t n e n  m c i  the present results. i s  not r e l a t ed  i n  a 
ziz?le fesh ion  to tine rEf?fercnce i n  paz-me'cer-s since: (1) Tie valves  f o r  the .  t h e m a l  
c o n 6 x t i v i t y  of' the  gas xi:~Aure used i n  i%c 4vio s t u a e s  are ~ i i t h i n  several. p r c e n t  
or' ench other;  (2)  
rea.cti0r.s which. -e r e q o n s i b l e  for most of ';;he chanee i n  G (w:hich .defermines 31) 

a r e  5' and R2. ,:hereas a decreese i n  c i t i i e r  would decrease the  t'neoretic& Pi, t h e  
rEti.03 of specir ic  rates-in t h e  present szuuy t o  those used i n  t h e  e a r l i e r  trorlr are: 

If i h c y  are c o x e c t j  inspect ion of Eq. (35). 

According t o  precedii:g &iscussion i n  this sect ion,  tine two 

. , . .  f O3 

Reaction z 
T = 1230" 

8720 
397" 

0.01:5 
0.07 (38) 
0.36 

Previously,  h e u r i s t i c  ari;iz!ent iix 3cc:i given to sqpoFc t h e  contention 
'ikt k i n e t i c  e n e r a  of over 3u ;;as flax xx-, be an i r n p o i - t ~ ~ t  tern. i n  t'ne energy bd-ulce 
c ~ x t i o r .  cven ::lic:i vL-2 :.:, :::,:, j.T!.c?i-?c cx/c The argunent suggested 
'-,hat.t:?e -fomer tern iro ir:>?ort?^n.t :fiere tine t n e  grea2cc.t cancel la t ion 
i n  t he  c s u d  terns of the equation of enerG: balance, *., in tine neigXoorhoo6. o f  t h e  
hot boimdmj b .  
order  gayer. series uas constructed .inciudln[; those terms. 

Tnerefore, as a check uFon She importance of k i i le t ic  enerejr, a t h i r t i e t h  
Tfle s e r i e s  s m s  are:  . .  
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/ 
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' t c n x  of the k ine t ic  steady-state a p p c  .iinaii?n. hi a l te rna t ive  approxir:.&tion 
Y "2 -... ..- applies. 

(c?)  XaLLcCl rccornbinztion i n  ;.hi: x o n c  T1m.e plays an imFortant ro le  but o n l y  
f o r  tczperaturcs h i t h i n  &out 300' of t ' ~ ?  not -~oundnry. 

(e) von &&An and Pcnncr uncicrc:,::imnted the  

Tne cii"cct,' ci: this  upon 
< : W02-b0 4 Mi0 would be importa?t'. It exceeds 
tu re  range of $Doat 2000. 

Sections 5.1 
and those of  earlier s tudies  i s  &ue t o  :-.he renovinz of -cer ta in  e a r l i e r  approximations. 

5.6. Tne qualitat;tlvc: t;-ifferences between the  r e s u l t s  reported here 

Section 5.2. 

(a) Convection i s  the  dominant -,-ucess at a l l  temperatures. Diffusion is nore 
important t'nzn conduction a t  higher i,?: e ra tu rcs ,  less a t  lover .  

(b)  The spec i f ic  ent'nalpy varic-: lver a range of &$. 

Section 5.3. The r a t e  of heat releL.56 l i x  unit volume due t o  rcdj-cjl recombLnation 
i s  over half t h e  t o t a l  r a t e  f o r  a t c r  wtu i i :  :sternal o l  over 2003 about the  h o t  
boundary. Contrary t o  a arcvious siy -2tio.i, it becomes n e a i g i b l e  i n  tine cooler 
p a r t  of the  flpne. 
pr imari ly  i n  R2 : 0.10 

Ra&icals which c.i-.'t.,se there from the  ho t t e r  regions a re  efl'ective 
+ 2 02. 3 

Section 5.4. 
separation found experimentally i n  t l ic  :ne-;hnnc-oxj,-en flanc. 
to chemical before thermal equi l ibr lu  I .  

The s p a t i a l  ScparatioLL :~l' :circtic processes i s  remiciscent of the 
There i s  no approach 

Section 5.5. 
chemical) equilibrium. 
average speed f o r  T < E. 1020° f o r  C 

Tnere i s  a? approach ts  diffusion equi l ibr iw '  before thermal (acd 
The magnitut E d tLx t J i fus ion  velocity exceeds the  mass 

nd frcii aboiit T = 910' t o  T = l130° for  0 3' 

Section 5.6. 
r.ajor sources of tine error,are too 
i l l  : 0 +I4 - 0 +O+M,or of R; : 0 +O - +  2 02,0r both. 

Scction 5.7. 
important f o r  t h i s  ozone flame. Cor-vvsrzely, it can not be ignorc, lor  suf f ic ien t ly  
r ich ozone i2anes where it changes tk-c character of  t he  eigen_)raht  yrob:,em. 

Tne t'neorctical M i s  L :i l a rue  by over a fac to r  or' 2. The most l i k e l y  
i ,h .m.lues a t  flaqe temperatures of the  r a t e  of 

3 2 3 

I'ne l une t i c  cnergy of o(re-d.l gzs f l o v  does not q:,- : zo be very 

I. ' 
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